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1
METHOD FOR IDENTIFYING CHEMICAL
AND STRUCTURAL VARIATIONS
THROUGH TERAHERTZ TIME-DOMAIN
SPECTROSCOPY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a national stage of PCT Patent Appli-
cation No. PCT/US20/53860, entitled “Method for Identi-
fying Chemical and Structural Variations Through Terahertz
Time-Domain Spectroscopy” to Jarrahi et al., filed Oct. 1,
2020, which claims priority to U.S. Provisional Application
No. 62/909,038, entitled “Method for Detecting Aflatoxins
and Other Hazardous Mycotoxins in Agricultural Food
Products through Terahertz Time-Domain Spectroscopy” to
Jarrahi et al., filed Oct. 1, 2019, the disclosures of which are
incorporated by reference herein in their entirety.

FIELD OF THE INVENTION

The current disclosure is directed to systems and methods
for direct, high-sensitivity, high-throughput, and non-inva-
sive detection of hazardous mycotoxins, including aflatox-
ins, in agricultural food products via terahertz time-domain
spectroscopy.

BACKGROUND OF THE INVENTION

Terahertz radiation consists of electromagnetic waves
within the band covering roughly the electromagnetic spec-
trum from 0.1 to 10 THz. Accordingly, terahertz radiation
occupies a middle ground between microwaves and infrared
light waves known as the “terahertz gap.” Since many
resonances, such as internal rotational of light hydrides,
rotational-vibrational bending of carbon-chain molecules,
and intramolecular vibrations of inorganic molecules, hap-
pen at terahertz frequencies, terahertz band contains spectral
lines of many organic and inorganic molecules. Further-
more, unlike infrared or visible waves, terahertz waves can
penetrate through many optically-opaque media and, thus,
they can interact with a substrate hidden below the surface
of a sample. As such, terahertz waves can also propagate
through most of the packaging materials, such as plastic,
paper, cardboard, and foam, which makes terahertz waves
very suitable for evaluation of, for example, packaged foods.
Moreover, terahertz photons have very low energy com-
pared to X-rays and don’t pose any health hazard. However,
despite many advantageous characteristics, the use of tera-
hertz waves has never been found practical for applications
outside of laboratory setting.

SUMMARY OF THE INVENTION

Many embodiments are directed to systems and methods
for direct, high-sensitivity, high-throughput, and non-inva-
sive detection of hazardous mycotoxins, including aflatox-
ins, in agricultural food products via terahertz time-domain
spectroscopy.

Various embodiments are directed to a method for iden-
tifying chemical and structural irregularities in a substrate,
comprising:
providing a sample comprising a plurality of points and

having chemical or structural variations;
providing a terahertz scanner comprising:

at least one terahertz source generating a terahertz beam

travelling along a terahertz beam path, and
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at least one terahertz detector, wherein

the terahertz scanner produces a characteristic signal
when the terahertz beam is detected by the at least one
terahertz detector after interacting with a point of the
plurality of points of the sample; and

the terahertz scanner produces a reference signal when the

terahertz beam is not intercepted by the sample;
obtaining a characteristic and a reference signals for at least
one point of the plurality of points of the sample;
extracting characteristic features from characteristic data
afforded by the characteristic signal, and extracting cor-
responding reference features from reference data
afforded by the reference signal; wherein at least one of
the characteristic and the corresponding reference fea-
tures are selected from the list consisting of: peak inten-
sity, average intensity, delay, pulse width, spectral power,
phase of the signals, and any combination thereof;
analyzing the characteristic and the corresponding reference
features using a machine learning data analysis model to
find chemical and or structural information about the
sample; and
recognizing irregularities in or differences between the char-
acteristic and the corresponding reference features to
identify the chemical or structural variations in the
sample.

In various such embodiments, the machine learning data
analysis model is selected from the list consisting of: super-
vised model, unsupervised model, and any combination
thereof.

In still various such embodiments, the machine learning
data analysis model is trained to recognize the chemical or
structural variations in the sample.

In yet various such embodiments, the terahertz scanner is
a terahertz time-domain spectroscopy scanner.

In still yet various such embodiments, wherein the tera-
hertz scanner is a terahertz time-domain spectroscopy scan-
ner, the terahertz scanner further comprises:

a femtosecond laser generating an optical beam, and

a plurality of optical lenses for focusing the optical beam

along an optical beam path.

In various such embodiments, wherein the terahertz scan-
ner is a terahertz time-domain spectroscopy scanner, the
terahertz scanner further comprises a plurality of terahertz
lenses and or off-axis parabolic mirrors for focusing and or
collimating the terahertz beam along the terahertz beam
path.

In still various such embodiments, wherein the terahertz
scanner is a terahertz time-domain spectroscopy scanner, the
characteristic signal and the reference signal are in time
domain.

In yet still various such embodiments, wherein the tera-
hertz scanner is a terahertz time-domain spectroscopy scan-
ner, the characteristic signal and the reference signal in time
domain are used to find their corresponding signals in
frequency-domain; and extracting the characteristic features
and the corresponding references features in both time
domain and frequency domain.

In various such embodiments, the chemical or structural
variations are selected from the list consisting of: chemical
contamination, material defects, other irregularities in a
material, and any combination thereof.

In still various such embodiments, the chemical contami-
nation comprises a toxin.

In yet various such embodiments, the toxin is selected
from the group consisting of: any type of mycotoxins, any
type of aflatoxins, or a combination thereof.
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In still yet various such embodiments, the material defects
are further selected from the list consisting of: thickness
variations, voids, cracks, non-uniformities, and any combi-
nation thereof.

In yet still various such embodiments, the sample com-
prises a battery electrode and the chemical or structural
variations are material defects.

In still various such embodiments, the sample comprises
a composite material and the chemical or structural varia-
tions are material defects.

In yet still various such embodiments, wherein the tera-
hertz scanner comprises the femtosecond laser, the femto-
second laser is selected from: a single femtosecond laser
combined with a delay stage, a dual femtosecond laser.

In still yet various such embodiments, wherein the tera-
hertz scanner comprises the femtosecond laser, the femto-
second laser is generating optical beam at a wavelength
selected from: ~800 nm, 1550 nm.

In various such embodiments, wherein the terahertz scan-
ner comprises the plurality of optical lenses, the plurality of
optical lenses adjusts the spot size of the optical beam to
cover the active area of the terahertz source and the terahertz
detector.

In still various such embodiments, the at least one tera-
hertz detector is selected from a list consisting of: a single-
pixel terahertz detector, a focal plane 1D or 2D array
comprising a plurality of terahertz detectors.

In yet various such embodiments, the at least one terahertz
detector is capable of taking three-dimensional terahertz
snapshots of an area as large as ~10 cm? within less than a
100 ms.

In still yet various such embodiments, the at least one
terahertz source and the at least one terahertz detector
comprise plasmonic electrodes.

In various such embodiments, wherein the at least one
terahertz source and the at least one terahertz detector
comprise plasmonic electrodes, the at least one terahertz
source and the at least one terahertz detector are fabricated
on a semiconductor substrate and optimized for operation at
800 nm or 1550 nm wavelengths.

In yet various such embodiments, wherein the at least one
terahertz source and the at least one terahertz detector
comprise plasmonic electrodes, the terahertz source and the
terahertz detector are fabricated on a GaAs, InGaAs and
InAs substrate.

In still various such embodiments, wherein the terahertz
scanner comprises the comprises the plurality of terahertz
lenses and or off-axis parabolic mirrors, the plurality of
terahertz lenses is made from a material selected from:
polyethylene, TPX, ceramic, Teflon, and any combination
thereof.

In yet still various such embodiments, the sample is
placed on a sample holder selected from: a moving conveyor
belt, a single or multi-well plate or multiple plates mounted
on a motorized translational stage, and any combination
thereof.

Additional embodiments and features are set forth in part
in the description that follows, and in part will become
apparent to those skilled in the art upon examination of the
specification or may be learned by the practice of the
disclosed subject matter. A further understanding of the
nature and advantages of the present disclosure may be
realized by reference to the remaining portions of the
specification and the drawings, which forms a part of this
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The description will be more fully understood with ref-
erence to the following figures, which are presented as

10

20

25

30

40

45

65

4

exemplary embodiments of the invention and should not be
construed as a complete recitation of the scope of the
invention, wherein:

FIG. 1 provides a schematic for an example of a terahertz
time-domain spectroscopy (THz-TDS) scanner, in accor-
dance with embodiments of the invention.

FIGS. 2A through 2E illustrate various aspects of an
enhanced plasmonic terahertz source/detector for use in the
terahertz imaging scanners, wherein FIG. 2A shows a sche-
matic diagram and operation concept for the enhanced
plasmonic terahertz source/detector; FIG. 2B shows top
view scanning electron microscope (SEM) images of the
enhanced plasmonic terahertz source/detector optimized for
operation at 800 nm optical pump/probe wavelength; while
FIGS. 2C, 2D, and 2E, respectively illustrate radiated power,
time-domain radiated field, and frequency-domain radiated
power that can be obtained from the enhanced plasmonic
terahertz source, in accordance with prior art.

FIG. 3 provides a generalized flowchart describing the
data processing and evaluation algorithms employed in the
detection of irregularities in a substrate methods in accor-
dance with embodiments of the invention.

FIG. 4 provides a summary of the major aflatoxin con-
tamination and exposure routes and their adverse health
effects to humans, in accordance with prior art.

FIGS. 5A and 5B provide schematics of different designs
for high-speed, contactless, non-invasive, and high-sensitiv-
ity terahertz imaging scanners for mycotoxins detection in
agricultural produce, in accordance with embodiments of the
invention.

FIGS. 6A and 6B illustrate aflatoxins detection with an
apparatus and methods of embodiments, wherein FIG. 6A
provides an image of a benchtop terahertz pulse imaging
scanner and an example of a detection setup; FIG. 6B
provides an example of raw data collected for an arbitrary
point on a tested almond.

FIGS. 7A through 7D illustrate an example of a data
processing algorithm of embodiments, wherein FIG. 7A
provides examples of amplitude and delay images of a part
of an almond sample obtained via such algorithm; FIG. 7B
provides the resulting absorption parameters calculated for a
variety of healthy samples and samples contaminated with
different types of aflatoxins as a function of aflatoxin con-
centration; and FIGS. 7C and 7D provide flowcharts
explaining the data training and data processing employed
with the algorithm to achieve quantitative mycotoxins detec-
tion in accordance with embodiments of the invention.

FIG. 8 schematically illustrates the terahertz scanner for
real-time, non-contact, non-invasive, and high-accuracy
identification of defects in L.IB electrodes during a roll-to-
roll manufacturing process in accordance with embodiments
of the invention.

FIG. 9 schematically illustrates a THz-TDS setup in
reflection mode modified with a confocal microscopy
scheme and an integrated IR camera in accordance with
embodiments of the invention.

FIG. 10 provides a flowchart describing two advanced
data processing and evaluation algorithms that may be
employed in the detection of LIB electrode defects in
accordance with embodiments of the invention, wherein
flowchart portions (a) shows the flowchart of the image
processing and the unsupervised learning modality, flow-
chart portion (b) provides an example of raw terahertz
amplitude image, flowchart portion (c) provides an example
of processed terahertz image, flowchart portion (d) shows an
exemplary spectrogram of a single pixel from the raw
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terahertz amplitude image in (b), and flowchart portion (e)
illustrates a convolutional network diagram.

FIGS. 11A through 11D provide X-ray CT images of a
commercial NCM cathode on an Al current collector fea-
turing various defects, wherein FIG. 11A shows a cross-
section thickness variation defect; FIG. 11B shows in-plane
cracks and holes defects; FIG. 11C provides an in-plane
higher resolution image showing a defect in Al foil bending
with 10 um bend roughness; and FIG. 11D shows volume-
rendered cathode electrode at higher resolution—all accord-
ing to prior art.

FIGS. 12A through 12E illustrate THz imaging methods
in accordance prior art, wherein FIG. 12A is a 3D image of
a LIB anode electrode afforded by one of the conventional
THz systems and methods; FIGS. 12B and 12C, respec-
tively, provide X-Z and Y-Z cross-sectional images obtained
from further processed 3D THz image of FIG. 12A, and
FIGS. 12D and 12E show C-scan images of, respectively,
the graphite and metal surfaces obtained by windowing the
deconvolved time-domain signal from the LIB anode elec-
trode.

DETAILED DESCRIPTION OF THE
INVENTION

Turning to the drawings and data, descriptions of appa-
ratuses and methods for detecting chemical contaminations,
material defects or irregularities, and or material damage in
a sample through terahertz time-domain spectroscopy in real
time with high sensitivity and throughput are provided. It
will be understood that the embodiments of the invention
described herein are not intended to be exhaustive or to limit
the invention to precise forms disclosed. Rather, the embodi-
ments selected for description have been chosen to enable
one skilled in the art to practice the invention.

Terahertz (THz) radiation has many unique specifications
which, in principle, make it a good candidate for non-
destructive quality control applications, such as detection of
chemical contaminants, other irregularities, and or damage
in a substrate. For example, the photon energy at terahertz
frequencies is very low and, therefore, terahertz waves do
not pose any hazard to human health or the sample being
analyzed. In addition, terahertz waves can penetrate through
many non-metallic materials, allowing to probe a substance
underneath many common packaging or coating materials.
However, despite the great promises of terahertz radiation-
based technologies, including for non-invasive high-
throughput detection applications, the utilization of terahertz
waves in practical settings has not been realized to date, due
to the low sensitivity and resolution of available terahertz
scanners, which suffer from low Signal to Noise Ratio
(SNR) levels, as well as primitive data analysis techniques
adopted for such applications. More specifically, conven-
tional terahertz imaging systems and methods cannot offer
high resolution due to the diffraction limit, wherein 1 THz
corresponds to 300 pum wavelength, which means that even
a terahertz imaging system with the perfect configuration
can offer only hundreds of micrometers of resolution. In fact,
even reaching a resolution at the Abbe’s diffraction limit is
not usually possible due to the limitations of terahertz
optical components. For example, even the state-of-the-art
terahertz scanner systems generally offer 1-3 mm spatial
resolution (Terahertz Gauging and Imaging products by
Luna:  https://lunainc.com/product-category/sensing-and-
non-destructive-test-products#category-15; and terahertz
imaging scanner by TeraSense: https://terasense.com/prod-
ucts/thz-scanner/, the disclosures of which is incorporated
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herein by reference), which clearly excludes terahertz wave-
based technologies from many applications, such as, for
example, analysis of defects in battery electrodes, such as,
for example, electrodes in lithium-ion batteries (LIBs), due
to small size of the electrodes.

Furthermore, in order to be useful for detection of chemi-
cal contaminants and material defects, a THz imaging sys-
tem need to have a large SNR to obtain output data that is
sufficiently accurate for analysis, despite attenuation of
terahertz pulses propagating through the sample. One pos-
sible solution to reducing the system’s noise is increasing
the number of taken measurements and averaging such
measurements. However, such approach results in the slow-
ing of sample evaluation and decreasing the scanning
throughput. Accordingly, one demonstrated approach to
overcoming the SNR issues is to use more powerful tera-
hertz sources and more sensitive terahertz detectors (Berry,
C. W., et al., 2013, Significant performance enhancement in
photoconductive terahertz optoelectronics by incorporating
plasmonic contact electrodes, Nature communications, 4,
1622; Yardimei, N. T, et al.,, 2015, High-power terahertz
generation using large-area plasmonic photoconductive
emitters, IEEE Transactions on Terahertz Science and Tech-
nology, 5(2), 223-229; and Yardimci, N. T., et al., 2017,
High sensitivity terahertz detection through large-area plas-
monic nano-antenna arrays, Scientific reports, 7, 42667, the
disclosure of which are incorporated herein by reference).

In addition, in order to improve the speed and sensitivity
of the detection of irregularities with THz technologies, it is
necessary to have a robust algorithm for evaluation of the
measurement results. Moreover, a robust algorithm is also
needed to address the challenges associated with the sample
preparation, wherein meticulous sample preparation proce-
dures are often necessary for the successful identification
and quantitation of irregularities, especially chemical con-
taminants, by all currently used THz spectroscopy imaging
methods (Grischkowsky, D., et al., 1990, Far-infrared time-
domain spectroscopy with terahertz beams of dielectrics and
semiconductors, JOSA B, 7(10), 2006-2015; Zhang, X., et
al., 2017, Simultaneous determination of amino acid mix-
tures in cereal by using terahertz time domain spectroscopy
and chemometrics, Chemometrics and Intelligent Labora-
tory Systems, 164, 8-15; Parrott, E. P. J., et al., 2011,
Terahertz spectroscopy: Its future role in medical diagnoses,
Journal of Molecular Structure, 1006(1-3), 66-76; Ge, H., et
al., 2016, Quantitative determination of aflatoxin B, con-
centration in acetonitrile by chemometric methods using
terahertz spectroscopy, Food chemistry, 209, 286-292; and
Chen, M., et al., 2014, A preliminary study of aflatoxin B,
detection in peanut oil by terahertz time-domain spectros-
copy, Transactions of the ASABE, 57(6), 1793-1799, the
disclosure of which are incorporated herein by reference).
As one stark example, all of the studies to date that have
investigated hazardous toxin aflatoxin detection in agricul-
tural produce by THz spectroscopy have relied on data
analysis algorithms requiring preparation of uniform
samples with planar surfaces, which does not allow for
high-throughput detection and is not practical for field
settings. Accordingly, although these laboratory experiments
did confirm that aflatoxins have unique spectral signatures in
the terahertz band, they also suggested that terahertz spec-
troscopy could not be successfully used with solid agricul-
tural products of arbitrary shapes. Therefore, in order to
employ THz techniques in realistic settings with high
throughput, robust algorithms are needed, wherein such
algorithms could eliminate geometry dependence of the
terahertz measurements and calculate thickness- and shape-
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independent absorption parameter corresponding to the
sought after detection output, thus allowing for identification
and or quantification of the studied irregularity or irregu-
larities in any sample or substrate with high sensitivity and
high throughput without any special sample preparation.

This application is directed to embodiments of high-
throughput, contactless, non-invasive, yet highly-sensitive
methods and scanners for detection of various types of
irregularities, such as chemical and or structural variations,
in a substrate using terahertz wave radiation. In some
embodiments, the irregularities are chemical variations,
such as, for example, chemical contaminants, including
hazardous toxins. In many such embodiments, the substrate
includes produce, such as, for example, agricultural produce.
In some embodiments, the hazardous toxins are mycotoxins,
including all types of aflatoxins. In some embodiments, the
irregularities are structural variations, such as, for example,
microscale defects or damage in man-made materials, such
as, for example, composite materials and electrodes, includ-
ing LIB electrodes. In many embodiments, the methods and
scanners for the detection of irregularities address and
overcome many limitations of the conventional terahertz
scanning systems. For example, in many embodiments the
methods and scanners of the application do not require
special sample preparation or a skilled operator. In many
embodiments, the methods of the application rely on pulsed
terahertz imaging scanners based on a system such as
schematically depicted in FIG. 1, provided herein as an
example, wherein the system at least comprises a terahertz
source and a terahertz detector. In many such embodiments,
the THz source and the THz detector are plasmonic. In many
embodiments, the use of the THz source and the THz
detector enhanced with plasmonic technology offers several
orders of magnitude higher SNR levels, as compared to
conventional terahertz source and detector technologies. In
many embodiments, the THz detector comprises a focal
plane array, which consists of a single plasmonic terahertz
detector or a 2D array of plasmonic terahertz detectors.

In many embodiments, the methods for the detection of
irregularities in a substrate or sample rely on advanced
terahertz imaging algorithms described herein. In many
embodiments, especially wherein the irregularities are
chemical contaminants, the algorithms of the instant disclo-
sure are capable of direct calculation of the contaminants’
concentration in the sample, in addition to identifying the
contaminants. In many embodiments, especially wherein the
irregularities are substrate material irregularities or defects,
the algorithms of the instant disclosure allow for direct
imaging of the irregularities or defects. In many embodi-
ments, the algorithms of the instant disclosure rely on
various terahertz parameters extracted from the data col-
lected by measuring terahertz pulses transmitted and
reflected from the examined samples/substrates. More spe-
cifically, in many embodiments, the algorithms extract one
or more various features from the THz signal that has
interacted with the sample being analyzed, and compare the
extracted feature or features to the corresponding feature or
features extracted from a reference THz signal. In many
embodiments, the signal features include one or more fea-
tures selected from the list comprising (but not limited to):
time-domain peak field, time domain delay, time-domain
pulse width, frequency-domain spectral power, frequency-
domain phase, or any combination thereof, or another fea-
ture or features. For example, in some embodiments, the
algorithm may rely on measurements of the intensity and
delay of the terahertz pulses transmitted and reflected from
examined samples. In many embodiments, the algorithms of
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the instant disclosure feed the extracted features to a
machine learning data analysis model, such as, for example,
a neural network, or a dense neural network, to obtain the
desired information regarding the identity of the contami-
nation (or another irregularity) in a sample and or its
amount. In some embodiments, first, the algorithms may
feed the machine learning data analysis model the extracted
features obtained from the THz analysis of samples with
known and well-defined contamination (or other defect or
irregularity) to train the machine learning data analysis
model, prior to using the machine learning data analysis
model for the analysis of the desired substrates/samples.
Terahertz Imaging Scanner

FIG. 1 schematically illustrates the terahertz imaging
scanner designed according to many embodiments for detec-
tion of irregularities in a substrate. In many embodiments,
the terahertz scanners comprise at least a terahertz source
generating a terahertz beam and a terahertz detector. In many
embodiments, the terahertz scanners further comprise: a
plurality of terahertz lenses and or off-axis parabolic mirrors
for focusing and or collimating the terahertz beam along a
terahertz beam path, a femtosecond laser generating an
optical beam, a plurality of optical lenses for focusing the
optical beam along an optical beam path, and a sample
surface or sample holder disposed on the terahertz beam
path. In some embodiments, the THz scanner also comprises
an optional ejection arm for removal of undesirable samples
from the sample surface. In many embodiments, a sample to
be analyzed for contamination or other irregularities or
defects is disposed on the sample surface or inside the
sample holder, such as, for example, a sample well. In some
embodiments, the terahertz source and the terahertz detector
or detectors are plasmonic. In some embodiments, the
terahertz detector is selected from: a single-pixel terahertz
detector, a focal plane 2D array of a plurality of terahertz
detectors. In many embodiments, wherein the terahertz
detector is a 2D array of a plurality of terahertz detectors, the
image acquisition rate of the scanners of embodiments is
significantly increased due to the lateral sample scan time
reduction, enabling high-throughput detection of mycotox-
ins in real-time. In many embodiments, the femtosecond
laser is one of: a single femtosecond laser combined with a
delay stage, or a dual femtosecond laser. In many embodi-
ments, the terahertz detector is pumped/probed by femto-
second optical beams from a phase-modulated dual-laser-
synchronized control femtosecond laser. In some
embodiments, the femtosecond laser is characterized by
A~1550 nm, which is the fiber-optic communication wave-
lengths. In some embodiments, it is advantageous to operate
at the wavelength of 1550 because low dispersion, polar-
ization maintaining, optical fibers are available for this
wavelength for maintaining the pulse width and polarization
of the femtosecond pump beams over a fiber length of
several meters. Consequently, operating at the wavelength of
1550 enables the development of compact and light-weight
imaging systems for practical quality control applications in
field settings. In many embodiments, the terahertz imaging
scanner is handheld. However, in many embodiments, the
selection of the optical wavelength used in detection of
irregularities in a substrate may be based on the availability
of a laser system, and other relevant components. In addi-
tion, in many embodiments, the spot size of the optical
pump/probe beams is adjusted by a plurality of lenses to
cover the active area of the plasmonic terahertz source and
the terahertz detector/focal plane array. In some such
embodiments, the plasmonic terahertz source and/or the
plasmonic terahertz detector are mounted on a silicon lens,
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and the terahertz lenses and/or off-axis parabolic mirrors are
used to collimate or focus the radiated terahertz beam. In
many embodiments, the terahertz lens is made from a
material selected from: polyethylene, polymethylpentene
(TPX), ceramic, Teflon. In many embodiments, the sample
surface is a moving conveyor belt. In many embodiments,
the sample surface or holder comprises plastic.

In many embodiments, an irregularity detection measure-
ment is obtained when a terahertz beam radiated from the
terahertz source illuminates a sample, gets transmitted (or
reflected) by that sample, and, in turn, is focused on the
terahertz detector/focal plane array located past the sample
on the terahertz beam path by use of terahertz lenses and/or
off-axis parabolic mirrors lens. More specifically, in many
embodiments, a measurement signal is obtained by, for
example, having a femtosecond laser generate a near IR
optical pulse train, wherein some portion of these pulses are
used to pump a terahertz source to generate pulsed terahertz
radiation. Next, the generated pulsed radiation is guided and
focused on the substrate being tested for irregularities,
which transmits or reflects the THz beam. Next, the trans-
mitted or reflected by the substrate terahertz radiation is
re-focused on the terahertz detector probed by the other
portion of the femtosecond optical pulse train. The interac-
tion between the terahertz and optical pulses in the photo-
conductive terahertz detector induces an ultrafast photocur-
rent if the pulses are incident on the terahertz detector
simultaneously. The time synchronization of the terahertz
and optical probe pulses is usually controlled by an optical
delay line. By changing the delay between these two pulses,
the ultrafast photocurrent can be sampled. This photocurrent
carries information about the substrate under the test, since
it has a direct relation with the incident terahertz pulse,
which, in turn, interacts with the substrate before reaching
the detector. Hence, it is possible to extract structural
information about the substrate by analyzing the induced
photocurrent. In many such embodiments, the output from
the terahertz detector or focal plane array is synthesized into
a pulse amplitude and, for example, a pulse delay image
using the algorithm of the instant disclosure. In many
embodiments, 15x15 amplitude/delay images of the sample
are captured in less than 10 ms with a 60 dB SNR per pixel.
In many embodiments, increasing the pixel size to 100x100
decreases the SNR per pixel to 40 dB over a 10 ms scan
time, while still maintaining adequate sensitivity towards
irregularities, such as, for example, chemical contaminants.
Enhanced Plasmonic Terahertz Sources and Detectors

In some embodiments, an enhanced plasmonic terahertz
source and detector technology is utilized in the terahertz
imaging scanners of the instant application and offer orders
of magnitude higher SNR levels, as compared to the con-
ventional photoconductive terahertz sources and detectors
(see: Berry, C. W, et al.,, 2014, Generation of high power
pulsed terahertz radiation using a plasmonic photoconduc-
tive emitter array with logarithmic spiral antennas, Applied
Physics Letters, 104(8), 081122; Berry, C. W., et al., 2014,
High power terahertz generation using 1550 nm plasmonic
photomixers, Applied Physics Letters, 105(1), 011121;
Berry, C. W., et al., 2014, Plasmonics enhanced photomixing
for generating quasi-continuous-wave frequency-tunable
terahertz radiation, Optics letters, 39(15), 4522-4524; Yang,
S. H,, et al., 2014, 7.5% optical-to-terahertz conversion
efficiency offered by photoconductive emitters with three-
dimensional plasmonic contact electrodes, IEEE Transac-
tions on Terahertz Science and Technology, 4(5), 575-581;
Berry, C. W., et al., 2012, Terahertz generation using plas-
monic photoconductive gratings, New Journal of Physics,
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14(10), 105029; Jarrahi, M., 2015, Advanced photoconduc-
tive terahertz optoelectronics based on nano-antennas and
nano-plasmonic light concentrators, IEEE Transactions on
Terahertz Science and Technology, 5(3), 391-397; Yang, S.
H., et al., 2015, Frequency-tunable continuous-wave tera-
hertz sources based on GaAs plasmonic photomixers,
Applied Physics Letters, 107(13), 131111; S.-H. Yang, et al.,
2015, Tunable terahertz wave generation through a bimodal
laser diode and plasmonic photomixer, Optics Express,
23(24), 31206-31215; Li, X., et al., 2017, A polarization-
insensitive plasmonic photoconductive terahertz emitter.
AIP advances, 7(11), 115113; Turan, D., et al., 2017, Impact
of the Metal Adhesion Layer on the Radiation Power of
Plasmonic Photoconductive Terahertz Sources, Journal of
Infrared, Millimeter, and Terahertz Waves, 38(12), 1448-
1456; Yardimci, N. T., et al., 2017, A High-Power Broad-
band Terahertz Source Enabled by Three-Dimensional Light
Confinement in a Plasmonic Nanocavity, Scientific reports,
7(1), 4166; Yardimei, N. T., et al., 2018, A high-responsivity
and broadband photoconductive terahertz detector based on
a plasmonic nanocavity, Applied Physics Letters, 113(25),
251102; Baker, R. D., et al., 2018, Self-triggered Asynchro-
nous Optical Sampling Terahertz Spectroscopy using a Bidi-
rectional Mode-locked Fiber Laser, Scientific Reports, 8,
14802; and Yardimci, N. T, et al.,, 2018, Nanostructure-
Enhanced Photoconductive Terahertz Emission and Detec-
tion, Small, 14(44), 1802437, the disclosures of which are
incorporated herein by reference). More specifically, in
many such embodiments, the designer nanoplasmonic struc-
tures incorporated in the active area of the photoconductive
terahertz sources and detectors are very effective in signifi-
cantly enhancing terahertz radiation powers and detection
sensitivities and, thus, make for THz scanning systems with
very high SNR, and allow to achieve adequate sensitivity
levels with smaller number of measurements, enabling
shorter scanning times.

In many such embodiments, the enhanced plasmonic
terahertz sources and detectors significantly increase the
image depth and data accuracy of existing terahertz imaging
systems when used for detection of irregularities in a sub-
strate. FIG. 2A shows a schematic diagram and operation
concept for such enhanced plasmonic terahertz source/de-
tector for utilization in the terahertz imaging scanners of the
instant application. Specifically, FIG. 2A shows that when
the active area of the plasmonic terahertz source is illumi-
nated by an optical pump beam, photo-generated electrons
and holes are accelerated in opposite directions by an
external bias electric field. Accordingly, the acceleration and
separation of the photocarriers induce a time-varying dipole
moment within the device active area, which, in turn,
generates terahertz radiation. Similarly, when the active area
of the plasmonic detector is illuminated by an optical probe
beam, photo-generated electrons and holes are accelerated in
opposite directions by the received terahertz field reflected
from the imaged sample. The acceleration and separation of
the photocarriers induce a photocurrent within the device
active area which is proportional to the received terahertz
field. In addition, to further enhance the terahertz radiation
powers of the plasmonic terahertz source and the detection
sensitivities of the plasmonic terahertz detector, a key fea-
ture of the enhanced source/detector design comprises the
use of plasmonic contact electrodes inside the device’s
active area, such that the majority of the photocarriers are
concentrated in the close proximity to the device’s contact
electrodes to efficiently contribute to terahertz generation
and detection. This design feature results in significantly
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higher terahertz radiation powers and terahertz detection
sensitivities, as compared to conventional designs.

As an example, FIG. 2B shows the scanning electron
microscopy (SEM) images of such enhanced plasmonic
terahertz source/detector fabricated on a GaAs substrate and
optimized for operation at 800 nm optical pump/probe
wavelength. As such, the terahertz radiation from this
enhanced source is characterized by use of a Ti:sapphire
mode-locked laser with a repetition rate of 76 MHz and a
pulse width of 200 femtosecond, indicating unprecedently
high terahertz radiation powers, as high as 3.6 mW at an
optical pump power of 150 mW, and exhibiting two orders
of magnitude higher optical-to-terahertz conversion effi-
ciencies, as compared to conventional large area photocon-
ductive terahertz sources (FIG. 2C). In addition, the radiated
electric field from the enhanced plasmonic terahertz source
is characterized in a time-domain terahertz spectroscopy
setup with an enhanced plasmonic terahertz detector. The
measured time-domain radiated field and frequency-domain
radiated power of the enhanced plasmonic terahertz source
at 50 mW optical pump power are shown in FIGS. 2D and
2E, respectively, and exhibit a terahertz radiation pulse
width of 0.3 picosecond FWHM and a terahertz radiation
spectrum in the 0.1-5.5 terahertz frequency range with more
than 120 dB SNR achieved when capturing and averaging
1000 time-domain data traces. In many embodiments, the
plasmonic nanoantenna arrays of the instant disclosure can
offer record-high radiation power levels and detection sen-
sitivities, as well as large field-of-views that are all critical
for high-accuracy, high-throughput operation. The use of the
plasmonic THz sources and THz detectors in the terahertz
scanner systems of embodiments offers >90 dB SNR over a
0.1-5.5 THz frequency range for a single trace measurement,
which can be completed in 1 ms. Compared to the currently
available commercial terahertz systems, this SNR value
represents more than 25 dB enhancement in SNR for the
same measurement time, enabling higher accuracy measure-
ments and faster scanning rates by reducing the requirement
for multiple measurements.

In some embodiments, the design and geometry of the
enhanced plasmonic terahertz source/detector is optimized
for fabrication on an ErAs:InGaAs substrate, in order to
operate the detection of irregularities at 1550 nm optical
pump/probe wavelengths. This wavelength is preferred in
some embodiments because it can be easily accommodated
by commercially available low-dispersion fibers, fiber com-
ponents, and fiber lasers. Furthermore, in many such
embodiments, short carrier lifetime of ErAs:InGaAs offers
relatively lower noise floors for the plasmonic terahertz
sources and detectors, as compared to other photo-absorbing
substrates at 1550 nm wavelengths, by reducing the induced
low frequency photocurrent. As such, ErAs:InGaAs sub-
strates have been used for plasmonic terahertz sources and
detectors and demonstrate highest terahertz radiation powers
in continuous-wave operation. In many embodiments, a
variety of plasmonic terahertz source/detector geometries
and architectures is used to obtain the optimal performance
based on the tradeoffs between terahertz radiation power and
detection sensitivity relative to the terahertz radiation/detec-
tion bandwidth. In many such embodiments, the designs
with the highest terahertz radiation power levels, detection
sensitivity levels, and terahertz generation/detection band-
widths are selected for integration with the terahertz imaging
scanners of the disclosure, in order to maximize the imaging
depth, image contrast, and image resolution in the methods
of the instant disclosure for detection of irregularities in a
substrate.
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In some embodiments, wherein the terahertz imaging
scanner comprises:

1) the enhanced plasmonic terahertz source/detector
design shown in FIGS. 2A-2E, wherein the enhanced
plasmonic terahertz source/detector utilizes a modified
plasmonic electrode geometry on an ErAs:InGaAs sub-
strate optimized for operation at 1550 nm pump/probe
wavelengths, and

2) a phase-modulated dual-femtosecond-laser system,
offering 250 mW femtosecond optical pump/probe
pulses with 50 fs pulse width and 50 MHz repetition
rate;

and wherein the terahertz imaging scanner is characterized
by:

a 1x1 mm? plasmonic terahertz source,

a focal plane array with 15x15 plasmonic terahertz detec-
tors with a 0.2x0.2 mm? area,

a terahertz radiation power of ~1 mW, and

a radiation pulse width of 0.4 ps,
the SNR is 60 dB per pixel (detector). In many embodi-

ments, increasing the size of the focal plane array to

100x100 plasmonic terahertz detectors/pixels leads to a

decreased per pixel SNR of 40 dB over a 10 ms scan time,

which is still adequate for many detecting applications.

For example, such sensitivity is adequate for detection of

aflatoxin toxins contamination in agricultural produce,

wherein the maximum allowed by the FDA regulation
aflatoxin contamination level is 20 ppb.
Data Analysis Algorithm

In many embodiments, the advanced algorithms of the
instant disclosure employ machine learning and are capable
of direct identification and, in some embodiments, quanti-
fication of irregularities in a substrate. FIG. 3 provides a
flowchart describing a general data processing and evalua-
tion algorithm that may be employed with the terahertz
imaging scanner of the instant disclosure in the irregularities
detection methods according to many embodiments.
According to this algorithm and methods, the data collected
by the terahertz imaging scanner of embodiments is pre-
processed to obtain time-domain and the corresponding
frequency-domain signals for each sample point a measure-
ment is taken. Furthermore, various features, such as peak
field, delay, pulse width, spectral power, and phase, are
extracted from the obtained time-domain and frequency-
domain signals. Next, the data processing algorithm of
embodiments may use the extracted various features to feed
the machine learning data analysis model, such as, for
example, a neural network, which is, in turn, trained to
predict the identity and or amount of the irregularities in the
studied sample.

More specifically, in many embodiments, the data evalu-
ation algorithms of embodiments use a machine learning
data analysis model trained to predict irregularities, such as
contamination or defects, in samples. In such embodiments,
the machine learning data analysis model is fed the various
features extracted from the data comprising the time-domain
and frequency-domain signals measured at each sample
point by the terahertz imaging scanner of embodiments.
According to many embodiments, the extracted various
features are directly related to the optical properties of the
sample being analyzed for the presence of irregularities,
wherein the optical properties of the sample are a function
of the type of the irregularities and the contamination level.
In many embodiments, some of the extracted various fea-
tures are used to train the machine learning data analysis
model, while others are used to evaluate the performance of
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the machine learning data analysis model by predicting, for
example, the contamination level.

To this end, in many embodiments, the time-domain and
frequency-domain signals are first captured by the terahertz
imaging scanner and used to extract the various features, as
described herein (FIG. 3). Next, some of the various fea-
tures, for example peak field and delay, are used to find the
sample boundaries, or safe zones, wherein a safe zone is
defined as a smooth region on the sample which does not
cause any abrupt change in the terahertz signal level. In
many embodiments, these abrupt changes occur at the edge
of the sample or due to a physical damage on the sample,
and, therefore, only the measurements obtained for the safe
zone, i.e., within the boundary of the sample, are used for
irregularity evaluation by the algorithms of embodiments.
Next, in many embodiments, the various features extracted
from the data collected from the safe zones are used as an
input for a machine learning data analysis model. In many
embodiments, some samples prepared to have various thick-
nesses and contaminant/irregularity concentration levels are
used to train the machine learning data analysis model first,
in order to reliably obtain the absorption parameter as a
function of the irregularity concentration. In many embodi-
ments, once the machine learning data analysis model is
trained, a new sample characterization is conducted as
described in the flowchart of FIG. 3. More specifically, the
various terahertz features of a new sample are extracted and
used to determine the sample’s boundary/safe zone. Next,
the features extracted from the established safe zones are
used to feed the trained neural network to predict irregularity
contamination levels in these samples according to many
embodiments.

In summary, in many embodiments, the data processing
algorithms generally follow the steps described below.

(1) Selection of suitable measurements: to run the algo-
rithm without any error, it is crucial to ensure the
terahertz pulse transmits/reflects only through/from the
sample/substrate; by monitoring the intensity and delay
of the detected pulses relative to those from the refer-
ence signal, the algorithm selects a set of suitable
measured signals.

(2) Evaluation of the suitable measurements:

(a) Features of time-domain and frequency-domain
signals are acquired.

(b) An array of data is obtained by comparing (dividing
and or subtracting) the features of the signal obtained
from the sample points and those of the reference
signal.

(c) The array calculated from the features is used to
train a machine learning model to predict an irregu-
larity and or its concentration. The database to train
the machine learning model is created by taking
measurements on samples with a known irregularity
measured by conventional detection techniques.

(d) Different machine leaning models may be created
for various substrates to be inspected and containing
various types of irregularities in various concentra-
tions by repeating the measurements described
herein for many samples.

(e) These machine learning models may be next used to
determine the type of irregularity and its concentra-
tion for new measurements taken on different sub-
strates/samples.

In some embodiments, the data processing algorithms of
the instant disclosure are able to extract terahertz image data
and quantitative information from multiple pixels of the
focal plane array in parallel, boosting the scanning through-
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put. In some embodiments, the focal plane array has a small
number of pixels, e.g. 15x15. In some embodiments, the
focal plane array is 100x100 pixels large. In such embodi-
ments, the terahertz imaging scanner is expected to offer a
scanning time of less than 10 ms for scanning a 3x3 cm? area
covered with, for example, agricultural produce samples. In
some embodiments, a focal plane detector array is capable
of taking three-dimensional terahertz snapshots of an area as
large as ~10 cm? within less than a 100 ms, further increas-
ing the scan speed and field-of-view of the terahertz imaging
scanners of the embodiments. In some embodiments, a
custom-tailored USB based evaluation board is utilized to
read the pixel data from the focal plane array after its
bonding to the evaluation board.

EXAMPLARY EMBODIMENTS

The following examples are put forth so as to provide
those of ordinary skill in the art with a complete disclosure
and description of how to make and use the present inven-
tion, and are not intended to limit the scope of what the
inventors regard as their invention nor are they intended to
represent that the experiments below are all or the only
experiments performed.

Example 1
Detection of Hazardous Toxins in Produce

In many embodiments, the THz scanners and methods of
the instant disclosure are used to identify and quantitate
chemical contamination in a sample. In many such embodi-
ments, the THz scanners and methods of the instant disclo-
sure are used to detect and quantify hazardous toxins in
agricultural produce or other foods. In many embodiments,
the hazardous toxins are aflatoxins, which are highly haz-
ardous mycotoxins that can contaminate agricultural prod-
ucts during both pre- and post-harvest stages (see, Bennett,
J. W, etal., (2007), Aflatoxins: background, toxicology, and
molecular biology. In Foodborne diseases (pp. 355-373),
Humana Press, the disclosure of which is incorporated
herein by reference). Although very high dosages of afla-
toxins fluoresce under ultraviolet (UV) light (as described by
Schmale, D. G., Munkvold, G. P., (2009), Mycotoxins in
crops: A threat to human and domestic animal health, The
plant health instructor, 3, 340-353; and Cassel, E. K., et al.
(2001), Aflatoxins: Hazards in grain/aflatoxicosis and live-
stock, the disclosure of which are incorporated herein by
reference), aflatoxins and the fungi that produce them may
not be visible in contaminated food products to a naked eye,
unlike other types of mold that can be easily spotted on food
products. In general, the amount of biosynthesized aflatoxins
varies depending on the strain of the fungus and the growth
conditions. Furthermore, moisture, temperature, and insect
damage are the most important environmental variables
associated with aflatoxin contamination of agricultural com-
modities. However, complete prevention from aflatoxins is
nearly impossible since they can even grow on crops under
normal condition (Council for Agricultural Science, 2003,
Mycotoxins: Risks in plant, animal, and human systems, No.
139, the disclosure of which is incorporated herein by
reference). Therefore, high sensitivity detection of these
toxins is crucial.

More specifically, mycotoxins, such as aflatoxins, are
toxins produced by fungus found in agricultural products
(FIG. 4, as seen in, for example: Alshannaq, A. F., et al,,
2018, Controlling aflatoxin contamination and propagation
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of Aspergillus flavus by a soy-fermenting Aspergillus oryzae
strain, Scientific reports, 8(1), 16871, the disclosure of
which is incorporated herein by reference). Various types of
aflatoxins exist. For example, Aflatoxin B, (AFB1 in FIG.
4), the most prevalent and the most toxic type of aflatoxin,
is classified as Group I carcinogen by the International
Agency for Research on Cancer (International Agency for
Research on Cancer, 1979, IARC monographs on the evalu-
ation of the carcinogenic risk of chemicals to humans, Some
halogenated hydrocarbons. IARC monographs on the evalu-
ation of the carcinogenic risk of chemicals to humans, the
disclosure of which is incorporated herein by reference).
High-dosage intake of AFB1 can result in acute effects and
even sudden deaths, such as the 1966 outbreak in western
India in which 100 people died due to aflatoxicoses (Krish-
namachari, K. A. V. R, et al, 1975, Hepatitis due to
aflatoxicosis: an outbreak in western India. The Lancet,
305(7915), 1061-1063, the disclosure of which is incorpo-
rated herein by reference). Aflatoxin M, (AFMI in FIG. 4),
a metabolite of aflatoxin B, in humans and animals, is also
a chemical of concern, wherein the human exposure in
nanogram levels may come from mother’s milk. Other
common poisonous aflatoxins include aflatoxins B,, G,, and
G,. Humans can intake aflatoxins either directly from plant
foods, such as corn, peanuts, almonds, cotton, tree nuts, rice,
figs, tobacco, and spices, or through animal products
extracted from animals fed with crops containing aflatoxins
(FIG. 4). The increasing dosage of aflatoxins in human body
can cause various chronic health problems, including immu-
nosuppression, growth retardation in children, and most
importantly, liver cancer (Alshannaq, A. F., et al., (2018),
Controlling aflatoxin contamination and propagation of
Aspergillus flavus by a soy-fermenting Aspergillus oryzae
strain, Scientific reports, 8(1), 16871, the disclosure of
which is incorporated herein by reference). In fact, a strong
correlation between liver cancer and aflatoxin exposure has
been shown in various studies, and it is estimated that
aflatoxins contribute to between 4.6 and 28.2% of liver
cancer cases globally (Williams, J. H., et al., 2004, Human
aflatoxicosis in developing countries: a review of toxicol-
ogy, exposure, potential health consequences, and interven-
tions, The American journal of clinical nutrition, 80(5),
1106-1122; Stevens, G., et al.,, 2009, WHO brochure»,
Bulletin of the World Health Organization, 87, 646-646, the
disclosure of which are incorporated herein by reference). In
the United States alone, 42,000 new cases of liver cancer
(with survival rate of less than 25%) were predicted for
2019. However, both the prevention of aflatoxins contami-
nation and its effective detection are extremely difficult.
Many chromatographic and immunochemical methods
have been employed for the detection of aflatoxins (Wacoo,
A. P, et al,, 2014, Methods for detection of aflatoxins in
agricultural food crops. Journal of Applied Chemistry, 2014,
the disclosure of which is incorporated herein by reference).
Among them, high-performance liquid chromatography
coupled with mass spectroscopy (HPLC/MS) and enzyme-
linked immunosorbent assay (ELISA) are the most-widely
used techniques for aflatoxin detection (Kokkonen, M., et
al., 2005, Determination of selected mycotoxins in mould
cheeses with liquid chromatography coupled to tandem with
mass spectrometry. Food additives and contaminants, 22(5),
449-456; Delmulle, B. S., et al., 2005; Development of an
immunoassay-based lateral flow dipstick for the rapid detec-
tion of aflatoxin B, in pig feed, Journal of agricultural and
food chemistry, 53(9), 3364-3368, the disclosure of which
are incorporated herein by reference). Although these tech-
niques can offer excellent sensitivity (detecting as little as 1
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ppb amounts of aflatoxins), they are destructive (i.e., require
grinding of the sample for the analysis), time consuming
(require ~5 minutes per sample), and complicated (i.e.,
require highly trained personnel to perform). For these
reasons, the currently employed aflatoxin detection tech-
niques are only used for inspection of a small fraction of
agricultural food products by regulatory inspectors before
packaging and shipping to the distributors. In addition,
spectroscopic methods, such as Fourier-transform infrared
spectroscopy (FTIR) and fluorescence spectrophotometry,
have also been used to detect aflatoxins (Pearson, T. C., et
al.,, 2001, Detecting aflatoxin in single corn kernels by
transmittance and reflectance spectroscopy, Transactions of
the ASAE, 44(5), 1247; and Malone, B. R., et al., 2000,
Determination of aflatoxins in grains and raw peanuts by a
rapid procedure with fluorometric analysis. Journal of
AOAC International, 83(1), 95-98, the disclosure of which
are incorporated herein by reference), however, the sensi-
tivity levels of these methods have not reached the threshold
limit required by FDA for aflatoxins, which is 20 ppb for
most products (Food and Drug Administration, USA (2000,
August), Action levels for added poisonous or deleterious
substances in food. Retrieved from https://www.fda.gov/
Food/GuidanceRegulation/GuidanceDocumentsRegulatory-
Information/Chemical ContaminantsMetalsNatural ToxinsP-
esticides/ucm077969 htm, the disclosure of which is
incorporated herein by reference).

The use of terahertz waves is one promising approach to
non-destructive and high-throughput evaluation of agricul-
tural products for the presence of hazardous mycotoxins
such as aflatoxins because of many advantageous charac-
teristics of the THz radiation (Tonouchi, M., 2007, Cutting-
edge terahertz technology. Nature photonics, 1(2), 97; Wang,
C., et al., 2018, Terahertz Imaging Applications in Agricul-
ture and Food Engineering: A Review; Qu, F., et al., 2018,
Review of theoretical methods and research aspects for
detecting leaf water content using terahertz spectroscopy
and imaging, International Journal of Agricultural and Bio-
logical Engineering, 11(5), 27-34, the disclosure of which
are incorporated herein by reference). However, no currently
available THz-based technology can offer the sensitivity and
resolution sufficient for practical large scale detection appli-
cations.

Nevertheless, many organic compounds have unique
responses to the electromagnetic waves at terahertz frequen-
cies. In fact, terahertz time-domain spectroscopy (THz-
TDS) has been utilized to demonstrate that aflatoxins are
spectrally-active at terahertz frequencies by making mea-
surements on well-defined aflatoxin tablets. In addition,
terahertz waves can penetrate through the most optically-
opaque components of agricultural products and, therefore,
provide chemical composition information about the plant
regions deep under the sample surface. Furthermore, tera-
hertz waves can penetrate through most packaging materials
(plastic, paper, cardboard, foam, etc.), allowing their use for
the evaluation of packaged food products. Moreover, tera-
hertz waves do not pose any ionization hazard due to their
low energy compared to high-frequency waves (UV,
X-Rays). Together, these properties of terahertz wave-based
spectroscopy make it an appealing platform for high-sensi-
tivity, non-destructive detection of aflatoxins and other haz-
ardous mycotoxins in agricultural food products.

However, despite the great potential of terahertz spectros-
copy and even successful demonstration of an aflatoxin
detection through terahertz scanning in a laboratory setting
(Ge, H,, et al.,, 2016, Quantitative determination of aflatoxin
B, concentration in acetonitrile by chemometric methods
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using terahertz spectroscopy, Food chemistry, 209, 286-292;
Chen, M., et al., 2014, A preliminary study of aflatoxin B1
detection in peanut oil by terahertz time-domain spectros-
copy, Transactions of the ASABE, 57(6), 1793-1799, the
disclosure of which are incorporated herein by reference), its
use for high-sensitivity, high-throughput detection in a field
setting is not practical with any of the currently available
methods. Specifically, one of the main obstacles encountered
in chemical detection with terahertz radiation methods is the
low sensitivity of conventional terahertz scanners, which
suffer from a trade-off between the signal-to-noise ratio
(SNR) and measurement time. For example, to achieve a
sufficiently sensitive measurement with conventional tera-
hertz scanners, more than thousand measurements are usu-
ally taken to reduce the noise of the acquired data, which
increases the measurement time significantly. In addition,
most of the terahertz scanning measurements rely on meticu-
lously and skillfully prepared samples, wherein the sample
preparation recipes are not compatible with field settings
(Pupeza, 1., et al., 2007, Highly accurate optical material
parameter determination with THz time-domain spectros-
copy, Optics express, 15(7), 4335-4350; Ueno, Y., et al.,
2006, Quantitative measurements of amino acids by tera-
hertz time-domain transmission spectroscopy, Analytical
chemistry, 78(15), 5424-5428, the disclosure of which are
incorporated herein by reference).

Nevertheless, in many embodiments of this application, a
high-throughput, contactless, non-invasive, yet highly-sen-
sitive detection of hazardous mycotoxins in agricultural
produce is achieved with terahertz wave radiation methods
and scanners described herein (FIGS. 5A and 5B). In many
embodiments, the hazardous mycotoxins are aflatoxins. In
many embodiments, the methods and scanners for the detec-
tion of hazardous mycotoxins address and overcome many
limitations of the conventional terahertz scanning systems.
For example, in many embodiments the methods and scan-
ners of the application do not require special sample prepa-
ration or a skilled operator. In many embodiments, the
methods and scanners of the application rely on a pulsed
terahertz imaging system based on a plasmonic terahertz
source and a focal plane array, which consists of a single
plasmonic terahertz detector or a 2D array of plasmonic
terahertz detectors. In many embodiments, the methods and
scanners for the detection of mycotoxins rely on an
advanced terahertz imaging algorithm described herein,
wherein the algorithm is capable of direct calculation of
mycotoxin concentration in the sample. In some embodi-
ments, the algorithm relies on various terahertz parameters
extracted from the data collected by measuring terahertz
pulses transmitted and reflected from the examined samples.
In some such embodiments, the algorithm relies on mea-
surements of the intensity and delay of the terahertz pulses
transmitted and reflected from the examined samples. In
addition, in some embodiments, an enhanced plasmonic
terahertz source and detector technology are used in the
terahertz scanners of the instant disclosure for the mycotox-
ins’ detection, and offer several orders of magnitude higher
SNR levels compared to those offered by conventional
terahertz sources and detectors. In many embodiments,
especially wherein the hazardous mycotoxin is an aflatoxin,
the detection sensitivity of the methods and scanners of the
instant application is as low as 20 ppb or lower. In many
embodiments, the detection sensitivity of algorithms, meth-
ods, and scanners of the instant application is as low as 5
ppb. In many such embodiments, the terahertz spectroscopy
methods and scanners of the instant disclosure offer an
excellent regulatory tool for high-throughput, non-destruc-
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tive, contactless detection of mycotoxins and, in particular,
aflatoxins in agricultural food products, minimizing regula-
tory non-compliance risks and providing high-quality prod-
ucts to the public. In many embodiments, the terahertz
imaging scanner is handheld, as depicted in, for example,
FIG. 5B.

In many embodiments, the detection of mycotoxins in
agricultural food products and determination of the myco-
toxin concentration level in the contaminated samples is
accomplished with terahertz pulsed imaging. Among various
techniques for non-invasive terahertz inspection, the tera-
hertz pulsed imaging is the most powerful scheme, since it
offers real-time hyperspectral amplitude and phase images
over a broad terahertz frequency range. This unique com-
bination of broadband amplitude and phase information
enables extracting various important information about the
examined agricultural products, such as their identity, com-
position, and concentration (Gowen, A. A., et al., 2012,
Terahertz time domain spectroscopy and imaging: Emerging
techniques for food process monitoring and quality control,
Trends in Food Science & Technology, 25(1), 40-46; Baek,
S. H,, et al., 2014, Detection of melamine in foods using
terahertz time-domain spectroscopy, Journal of agricultural
and food chemistry, 62(24), 5403-5407; and Castro-Camus,
E., etal.,, 2013, Leaf water dynamics of Arabidopsis thaliana
monitored in-vivo using terahertz time-domain spectros-
copy, Scientific reports, 3, 2910, the disclosure of which are
incorporated herein by reference).

FIGS. 6A and 6B provide an illustrative example of
aflatoxin detection in agricultural produce with the terahertz
imaging scanner and methods of the instant disclosure
according to many embodiments. For this example, afla-
toxin-contaminated almond samples were prepared at West-
ern Regional Research Center of Foodborne Toxin Detection
and Prevention Department of USDA and probed with a
benchtop version of the terahertz imaging scanner of
embodiments. More specifically, individual solutions of
most common poisonous aflatoxins, B, B,, G,, and G,,
were first prepared at concentrations of 500 ng/50 pl in
benzene/acetonitrile (98/2) and used to spike individual
almonds with aflatoxins in amounts of 20 ppb (the maximum
allowed by FDA level of aflatoxin contamination in most
agricultural food products), 100 ppb, and 400 ppb in tripli-
cate. Next, three samples were measured for each combi-
nation of aflatoxin type and concentration. In addition,
twelve untreated almond samples were also used as controls,
to better examine aflatoxin interaction with terahertz radia-
tion. Each almond was placed in a sealed well of a multi-
well plate (FIG. 6A). A benchtop terahertz pulse imaging
system/scanner (FIG. 6A) was set up with a high-power
plasmonic terahertz source and a single-pixel plasmonic
terahertz detector. The multi-well plates were mounted on a
motorized two-axis translational stage and placed on the
terahertz beam path in a way that the focused terahertz
radiation transmitted through the plates. Multiple measure-
ments on different locations of almond samples were taken
by moving the two-axis translational stages.

Next, a data processing algorithm developed according to
many embodiments of the instant disclosure may be
employed to calculate the aflatoxins concentration (and,
therefore, presence) from the raw data obtained by the
terahertz imaging scanner of the embodiments. More spe-
cifically, data processing algorithms of embodiments calcu-
late an absorption parameter, which represents mycotoxin
concentration in a given sample. In many embodiments, the
absorption parameter is independent from the samples’
thickness and shape. To this end, FIG. 6B provides an
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example of raw data obtained by the terahertz imaging
scanner of embodiments for an arbitrary point on one of the
tested almonds from the set-up described in FIG. 6A,
wherein the data comprises two terahertz pulse traces: a
reference signal obtained when an almond sample does not
intercept the terahertz beam (Reference), and a characteristic
signal obtained when the focused terahertz beam propagates
through an arbitrary point of an almond (i.e., sample)
(Sample/Almond). It should be noted, that, according to
many embodiments, the sample signal is required by the
algorithms of embodiments to have all of the terahertz beam
incident on the sample. Accordingly, it is desirable that the
terahertz beam propagates through the central regions of the
sample, however, it is not a necessary condition, as far as the
entire terahertz beam propagates through the sample.

FIGS. 7A and 7B illustrate one data processing algorithm
of embodiments, wherein the algorithm estimates the myco-
toxin concentration by resolving an amplitude and a delay
image of a scanned sample. More specifically, the amplitude
image is obtained by calculating the ratio of the transmitted
terahertz pulse over the reference pulse for each pixel (FIG.
7A, top). In addition, the delay image is obtained by
calculating the delay of the transmitted terahertz pulse
relative to the reference pulse (FIG. 7A, bottom). Next, this
data processing algorithm of embodiments uses the ampli-
tude and delay images, such as those depicted in FIG. 7A,
to detect the edges of a sample and, then, to calculate an
absorption parameter, which is the indication factor for
aflatoxin concentration for the sample points. To this end,
first, a safe zone is defined as a smooth region on the sample
which does not cause any abrupt change in the terahertz
signal level. These abrupt changes occur at the edge of the
sample or due to a physical damage on the sample. Only the
measurements obtained for the safe zone, i.e., within the
boundary of the sample, are used for the absorption param-
eter calculation.

Furthermore, this data processing algorithm of embodi-
ments uses the electromagnetic wave propagation formulas
and Fresnel equations with complex refractive index to
define the absorption parameter. Based on these formulas,
the terahertz pulse transmission is proportional to e,
where o and d are the effective absorption and thickness of
each sample point, respectively. Moreover, the terahertz
pulse delay has a direct dependence on the effective thick-
ness of each sample point. Therefore, in order to extract the
effective absorption parameter, the data processing algo-
rithm of embodiments runs an exponential curve fitting
between the experimentally-measured amplitude and delay
values for each sample point. FIG. 7B shows the outcome of
such curve fitting, wherein the extracted absorption param-
eters of the healthy/untreated and aflatoxin contaminated
samples plotted as a function of aflatoxins concentration.
Accordingly, the aflatoxins detection results obtained for the
setup shown in FIG. 6 A demonstrate a clear increase in the
absorption parameter as a function of the aflatoxin concen-
tration for both aflatoxin B, (the most notorious and preva-
lent aflatoxin type present in 75% of aflatoxin-contaminated
agricultural products) and other types of aflatoxins (B,, B,,
Gy, and G,). Therefore, the results of the experimental
detection setup of FIGS. 6A and 6B used with, for example,
the time-delay algorithm described in FIGS. 7A and 7B
demonstrate that the terahertz imaging scanner and methods
of many embodiments of the instant application offer
adequate sensitivity to detect the maximum allowed by FDA
aflatoxin contamination level (20 ppb).

In addition, FIGS. 7C and 7D provide flowcharts that
further explain the time-delay approach to the data process-
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ing algorithms of embodiments in more detail. Specifically,
in order to successfully detect mycotoxins with this method,
the data processing algorithm is first data trained as
described in FIG. 7C. To this end, in many embodiments,
multi-pixel images are first captured to create delay and
amplitude images, as described above. Next, the delay and
amplitude images are used to find sample boundaries, or safe
zones, defined as a smooth regions on the sample which do
not cause any abrupt change in the terahertz signal level.
Next, the absorption parameter is calculated from terahertz
wave measurements obtained for the safe zones. However,
in order to reliably obtain the absorption parameter as a
function of a mycotoxin concentration, many samples with
various thicknesses and various mycotoxin concentration
levels are first characterized with the terahertz imaging
scanner of embodiments and curve fitted. In many embodi-
ments, a curve relating the terahertz parameters (such as
pulse delay-transmission) is calculated for each mycotoxin
concentration level. In many embodiments, the absorption
parameter is then defined from the formulas of these curves
and the fit curves and absorption parameters are saved in a
library.

Once the absorption parameter for a mycotoxin or myco-
toxins of interest is established from the data training,
wherein the absorption parameter is independent of the
sample’s thickness and shape, a new sample characterization
is conducted as described in the flowchart of FIG. 7D. More
specifically, the multi-pixel images are, yet again, captured
to create delay and amplitude images according to embodi-
ments, followed by sample boundary/safe zone determina-
tion. The safe zones are next used for absorption parameter
calculation for the sample by using the fit curve formula
according to embodiments. Next, the value obtained for the
absorption parameter according to embodiments is com-
pared to the values in the library to identify the mycotoxin
concentration in a given sample.

In summary, in many embodiments, the time delay data
processing algorithm of embodiments follows the steps
described below.

(1) Selection of suitable measurements: to run the algo-
rithm without any error, it is crucial to ensure the
terahertz pulse transmits/reflects only through/from the
sample; by monitoring the intensity and delay of the
detected pulses relative to those from the reference
signal, the algorithm selects a set of suitable measured
signals.

(2) Evaluation of the suitable measurements.

(a) A peak field ratio is defined and calculated by
dividing the obtained signal’s peak value by that of
the reference signal.

(b) A time delay is defined and calculated by subtract-
ing the time indices of the peak values of the
obtained signal and reference signal.

(c) The peak field ratio has an exponential dependence
on the calculated time delay and an absorption
parameter, which indicates the mycotoxin concen-
tration level. This absorption parameter is extracted
by fitting the measured data to an exponential refer-
ence curve, which is produced for various samples of
interest prior to the measurements. These exponen-
tial reference curves are produced by taking several
measurements on samples with known mycotoxin
concentration measured using conventional myco-
toxin detection techniques.

(e) A database of exponential reference curves is cre-
ated for various food products (to be inspected)
containing various types of mycotoxins and concen-
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trations by repeating this measurement for many
samples. This data database is used to determine the
best fit for the mycotoxin type and concentration for
new measurements taken on different agricultural
food products.

Accordingly, in many embodiments, the time delay data
processing algorithm of embodiments is data trained to
identify the specific type of the detected mycotoxins in
addition to the concentration of the contaminant. In many
such embodiments, this data processing algorithm calculates
the spectra of the transmitted terahertz pulses relative to the
reference pulse by taking the Fourier transform of the
time-domain traces, such as the traces shown in FIG. 6B,
and correlating the extracted spectra with the terahertz
spectral signatures of different types of mycotoxins.

Alternatively, the more general data processing and evalu-
ation algorithm described in FIG. 3 may be employed with
the terahertz imaging scanner of the instant disclosure in the
mycotoxins’ detection methods of embodiments. According
to this approach, the data collected by the terahertz imaging
scanner of embodiments is pre-processed to obtain time-
domain and the corresponding frequency-domain signals for
each sample point a measurement is taken. Furthermore,
various features, such as peak field, delay, pulse width,
spectral power, and phase, are extracted from the obtained
time-domain and frequency-domain signals. Next, the data
processing algorithm of embodiments uses the extracted
various features to feed a machine learning data analysis
model, such as, for example a dense neural network, which
is, in turn, trained to predict the aflatoxin concentration for
the sample points.

More specifically, in many embodiments, the data evalu-
ation algorithm of embodiments uses a machine learning
data analysis model trained to predict aflatoxin contamina-
tion in samples. In such embodiments, the machine learning
data analysis model, such as, for example, a neural network,
is fed by the various features extracted from the data
comprising the time-domain and frequency-domain signals
measured at each sample point by the terahertz imaging
scanner of embodiments. According to many such embodi-
ments, the extracted various features are directly related to
the optical properties of the sample being analyzed for
mycotoxin contamination, which is a function of aflatoxin
type and contamination level. In many embodiments, some
of the extracted various features are used to train the
machine learning data analysis model, while others are used
to evaluate the performance of the machine learning data
analysis model by predicting the aflatoxin contamination
level.

To this end, in many embodiments, the time-domain and
frequency-domain signals are first captured by the terahertz
imaging scanner and used to extract the various features, as
described herein (FIG. 3). Next, some of the various fea-
tures, such as, for example, peak field and delay, are used to
find the sample boundaries, or safe zones, wherein, as
explained above, a safe zone is defined as a smooth region
on the sample which does not cause any abrupt change in the
terahertz signal level. As also noted above, in many embodi-
ments, these abrupt changes occur at the edge of the sample
or due to a physical damage on the sample, and, therefore,
only the measurements obtained for the safe zone, i.e.,
within the boundary of the sample, are used for aflatoxin
contamination evaluation by the algorithms of embodi-
ments. Next, in many embodiments, the various features
extracted from the data collected from the safe zones are
used as an input for a machine learning data analysis model
of choice. In many embodiments, some samples prepared to

10

15

20

25

30

35

40

45

50

55

60

65

22

have various thicknesses and mycotoxin concentration lev-
els are used to train the machine learning data analysis
model first, in order to reliably obtain the absorption param-
eter as a function of a mycotoxin concentration. In many
embodiments, once machine learning data analysis model is
trained, a new sample characterization is conducted as
described in the flowchart of FIG. 3. More specifically, the
various terahertz features of a new sample are extracted and
used to determine the sample’s boundary/safe zone. Next,
the features extracted from the established safe zones are
used to feed the trained machine learning data analysis
model to predict aflatoxin contamination levels in these
samples according to many embodiments.

In summary, in many embodiments, the data processing
algorithms of embodiments generally follow the steps
described below.

(1) Selection of suitable measurements: to run the algo-
rithm without any error, it is crucial to ensure the
terahertz pulse transmits/reflects only through/from the
sample; by monitoring the intensity and delay of the
detected pulses relative to those from the reference
signal, the algorithm selects a set of suitable measured
signals.

(2) Evaluation of the suitable measurements:

(a) Features of time-domain and frequency-domain
signals are acquired.

(b) An array of data is obtained by dividing/subtracting
the features of the signal obtained from the sample
points by/from that of the reference signal.

(c) The array calculated from the features is used to
train a machine learning model to predict aflatoxin
concentration. The database to train the machine
learning model is created by taking measurements on
samples with known mycotoxin concentration mea-
sured by conventional mycotoxin detection tech-
niques.

(d) Different machine learning models are created for
various food products to be inspected and containing
various types of mycotoxins and various toxin con-
centrations by repeating this measurement for many
samples.

(e) These machine learning models are used to deter-
mine the mycotoxin type and concentration for new
measurements taken on different agricultural food
products.

In many embodiments, the methods and scanners of the
instant disclosure allow for maintaining large detection
sensitivities and high scanning throughputs at the same time.
In many embodiments, the terahertz imaging scanner and
methods of the instant application offer adequate sensitivity
to detect aflatoxin contamination levels below the minimum
level of 20 ppb allowed by FDA. In many embodiments, the
sensitivity level of the terahertz imaging scanner and meth-
ods is as low as 5 ppb. Furthermore, it should be noted, that
although recent terahertz spectroscopy studies of aflatoxin
B, tablets and liquid mixtures have already measured the
terahertz spectral signatures of aflatoxin B, the terahertz
imaging scanners of the instant disclosure offer several
orders of magnitude higher SNR levels, as compared to the
previously used systems, allowing to obtain terahertz spec-
tral signatures of much higher accuracy. Accordingly, the
terahertz imaging scanners and methods of the instant appli-
cation may be used to fine tune and expand database libraries
of the spectral signatures of different types of aflatoxins,
other mycotoxins, or other toxins. In many embodiments,
the thus enhanced libraries are used to improve the data
processing algorithm of embodiments
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In many embodiments, the scanners and methods of the
instant disclosure are suitable for the mycotoxin and, in
particular, aflatoxin detection in agricultural produce that
may include: corn, peanuts, cotton, tree nuts, rice, figs,
tobacco, and spices. In such embodiments, the measurement
methods, data processing algorithms, and post-processing
techniques are calibrated and optimized for each food prod-
uct to obtain the most accurate and sensitive results. In many
embodiments, the scanners and methods of the instant
disclosure are used to detect any desired toxin in a food
sample, or any other type of a chemical contaminant in any
food or inedible sample. In many embodiments, the terahertz
imaging scanners and methods described herein allow for a
real-time, fast, non-destructive quality control of agricul-
tural food products or other samples of interest in any field,
packaging, and or distribution settings. In many embodi-
ments, the terahertz imaging scanners and accompanying
systems are realized with a compact fiber-coupled packag-
ing, and can be easily installed in any convenient settings.

Example 2

Detection of Defects in Lithium-Ion Battery
Electrodes

In many embodiments, the THz scanners and methods of
the instant disclosure are used to detect irregularities in a
substrate. In many such embodiments, the high-performance
terahertz scanners and methods of the instant disclosure
provide a non-invasive, non-contact platform for various
sensing and quality inspection applications. In some
embodiments, the irregularities are defects or irregularities
in a composite material. In some embodiments, the irregu-
larities are defects in a battery electrode. In some such
embodiments, the THz scanners and methods allow for
in-line, real-time, non-contact, non-destructive evaluation
(NDE) defect detection in lithium-ion battery (LIB) manu-
facturing, wherein the defect detection can be achieved
during all roll-to-roll manufacturing process steps.

LIBs offer much higher capacity and energy density levels
compared to conventional nickel-hydride batteries (see, for
example, D. Howell, EV Everywhere Grand Challenge-
Battery Obstacles and Opportunities, http://
www 1.eere.energy.gov/vehiclesandfuels/pdfs/ev_every-
where/5_howell_b.pdf, U.S. Department of Energy, 2012,
the disclosure of which is incorporated herein by reference).
Accordingly, this aspect has made this type of batteries the
most desirable power generator for portable electronics and
electric vehicles (EVs). However, the high cost of LIBs is
still a big consideration and limits their applications. This
cost could be significantly reduced with improved quality-
control (QC) at very early stages of production cycle by
identifying the flawed or sub-standard electrodes that are
unknowingly assembled into the manufactured battery cells
and, thus, decreasing the scrap rate (which is currently about
10% during production). Moreover, some of the problems
associated with unknowingly incorporated defected elec-
trodes include premature capacity fading, which results in
lower lifetime of a battery, and thermal runaway, which can
result in explosion. The QC is especially needed for LIBs, as
they rely on flammable electrolytes, which can be source of
a hazard. Accordingly, substantial efforts have been directed
to developing non-destructive techniques for the character-
ization of defects in battery electrodes. For example, X-ray
fluorescence (XRF) has been proven to be an effective tool
for identitying electrode defects and evaluating variations in
electrode coating thickness at a nanometer scale (Pietsch, P.,
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& Wood, V. (2017). X-ray tomography for lithium ion
battery research: A practical guide. Annual Review of Mate-
rials Research, 47, 451-479, the disclosure of which is
incorporated herein by reference). However, the practical
usage of such methods is limited by their very high costs and
long measurement times. In addition, XRF utilizes ionizing
radiation, which is a major safety hazard for manufacturing
environments. As another approach, infrared (IR) thermog-
raphy can also identify electrode defects (with fine special
resolution around 20 um), but it cannot offer depth infor-
mation or evaluate the electrode coating thickness variations
(Just, P, et al., (2016). A method to quantify coating thick-
ness and porosity of electrodes for lithium-ion-batteries.
Measurement, 89, 312-315; and Mohanty, D., et al., (2014).
Non-destructive evaluation of slot-die-coated lithium sec-
ondary battery electrodes by in-line laser caliper and IR
thermography methods. Aralytical Methods, 6(3), 674-683,
the disclosures of which is incorporated herein by refer-
ence). Alternatively, IR laser calipers can be used to evaluate
electrode coating thickness variations, but they cannot detect
flaws such as pinholes, divots, agglomerates, and blisters.
Furthermore, optical imaging methods using CCD cameras
cannot pick up certain types of electrode defects because the
electrode coatings are generally black in color and, there-
fore, defects, such as scratches or reductions in thicknesses,
cannot be detected optically. Yet another potentially useful
methods for electrode defect detection is ultrasound time-
of-flight imaging, however, it can only be implemented at
very late stages of the manufacturing cycle, since it requires
an ultrasound coupling medium (Hsieh, A. G, et al., (2015).
Electrochemical-acoustic time of flight: in operando corre-
lation of physical dynamics with battery charge and health.
Energy & environmental science, 8(5), 1569-1577, the dis-
closure of which is incorporated herein by reference). How-
ever, most of pores, cracks, and non-uniform coatings are
formed during the initial manufacturing steps and, therefore,
early detection of these defects could greatly reduce the
scrap rate of electrodes, scaling up the yield and throughput.
Therefore, there exists a great need for a practical, real time,
high throughput NDE systems and methods that can evalu-
ate the structural integrity of lithium ion battery electrodes
at early stages of manufacturing.

Accordingly, in many embodiments, the apparatuses and
methods of the instant disclosure address the shortcomings
of the existing LIB manufacturing inspection techniques by
employing the terahertz time-domain spectroscopy (THz-
TDS) for NDE applications. As such, the THz apparatuses
and methods of embodiments, which use non-ionizing tera-
hertz waves for scanning, do not pose any safety hazard to
operators, nor are they destructive to the substrate/sample
being analyzed. In addition, terahertz waves can penetrate
through many non-metallic materials, including optically
opaque materials, such as graphite and metal oxides used as
electrode coatings. Consequently, THz waves can interact
with substrates hidden below the surface of these materials,
and they can be used to measure electrode coating thickness
or detect defects beneath the surfaces, which cannot be
visually observed. Moreover, the apparatuses and methods
of embodiments can offer A-, B-, and C-scans in a single
measurement, which allows for both spotting electrode
defects and measuring electrode coating thickness. Further-
more, the THz scanners and methods of embodiments over-
come many of the known limitations of the conventional
terahertz radiation-based technologies, such as, for example,
low sensitivity, which, in turn, leads to a trade-off between
the SNR and measurement time, and, for the first time,
enable effective in-line NDE applications.
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In many embodiments, the detection of electrode defects
with THz radiation, wherein the defect detection is high
sensitivity and high throughput, is made possible by appa-
ratuses and methods of the instant disclosure, which com-
prise use of THz scanners enhanced with plasmonic THz
sources and detectors, combined with advanced image
reconstruction and machine learning algorithms developed
to accompany the THz measurements taken by the enhanced
THz scanners. In many such embodiments, the use of the
plasmonic terahertz source and detector technology signifi-
cantly enhances terahertz radiation power and detection
sensitivity levels of the THz systems that employ them, as
compared to the conventional THz scanners, and, in turn,
leads to improvements in the SNR levels by several orders
of magnitude. As such, the improved SNR levels achieved
for the THz scanners of embodiments enhanced with plas-
monic source/detector technology allow to obtain higher
accuracy data with a smaller number of measurements, thus
shortening the data collection time and enabling real-time
NDE. In addition, the use of advanced image reconstruction
and machine learning algorithms of embodiments allow for
direct identification of electrode defects and measurement of
electrode coating thicknesses. More specifically, in contrast
to the current data processing algorithms employed by
conventional THz scanners, which use simple deconvolution
techniques to measure coating thickness and use basic
parameters obtained from THz-TDS measurements to create
images, the algorithms of embodiments utilize deep learning
techniques that enable identification of very small variations
between defect-free and defective parts with a sub-wave-
length resolution.

To this end, in many embodiments, an in-line terahertz
scanner is used with advanced algorithms of the instant
application for real-time, non-contact, non-invasive, and
high-resolution identification of defects in LIB electrodes
during the roll-to-roll LIB manufacturing process, as, for
example, schematically depicted in FIG. 8. In such embodi-
ments, the THz scanner at least comprises a THz source and
a THz detector operating in the terahertz frequency band of
the electromagnetic spectrum. In many embodiments, the
THz scanner comprises a one-dimensional (1D) array of
plasmonics-enhanced photoconductive terahertz transceiv-
ers controlled by a near-infrared (NIR) pump-probe light. In
many embodiments, the total length of the transceiver array
matches the width of the moving LIB electrodes. In many
embodiments, each transceiver element consists of a tera-
hertz source-detector-pair fabricated side-by-side. In many
embodiments, a combination of cylindrical optical lenses is
used to provide a line focus for the NIR pump and probe
beams on the 1D array of the THz sources and the THz
detectors, respectively. In many embodiments, as the THz
source is pumped by the NIR beam, an elliptical shaped
terahertz radiation is generated. In many such embodiments,
the generated THz radiation is then focused onto a line
covering the entire width of the LIB electrode using a
cylindrical terahertz lens. According to many embodiments,
the THz radiation reflected from the battery electrode being
scanned is re-focused on the 1D array of the terahertz
detector probed by the NIR beam. In many embodiments,
the THz source and THz detector comprise plasmonic nano-
antenna arrays that offer enhanced radiation power levels
and detection sensitivities, as well as large field-of-views
that are all critical for high-accuracy, high-throughput opera-
tion of THz scanners of the instant application.

Accordingly, in many embodiments the defect detection
methods of the instant application are based on the interac-
tion of broadband terahertz pulses with the substrate/sample
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under test. In many such embodiments, the THz scanner of
embodiments collects the pulses reflected from the tested
substrate, such as, for example, a LIB electrode. Since
terahertz pulses can penetrate through a plurality of layers
that may coat the substrate (wherein the substrate is, for
example, an electrode), and since a fraction of their power
reflects from each layer interface, a time-of-flight terahertz
image can be obtained to identify structural problems
beneath the surface of the substrate’s coating, if any, accord-
ing to many embodiments (Anastasi, R. F., & Madaras, E. 1.
(2006, March). Terahertz NDE for under paint corrosion
detection and evaluation. In AIP Conference Proceedings
(Vol. 820, No. 1, pp. 515-522). American Institute of Phys-
ics; and Anastasi, R. F., & Madaras, E. 1. (2006, March).
Terahertz NDE for metallic surface roughness evaluation. In
Nondestructive Evaluation and Health Monitoring of Aero-
space Materials, Composites, and Civil Infrastructure V
(Vol. 6176, p. 617600). International Society for Optics and
Photonics, the disclosures of which is incorporated herein by
reference). In addition, in many embodiments, the time
delay between reflected pulses from different interfaces
allows for measurement of the thickness of any such coat-
ings. In fact, various THz-TDS setups are commercially
available to measure coating thicknesses in auto industry
(Krimi, S., et al., (2016). Highly accurate thickness mea-
surement of multi-layered automotive paints using terahertz
technology. Applied Physics Letters, 109(2), 021105, the
disclosure of which is incorporated herein by reference). In
many embodiments, due to the contactless nature of the THz
methods of the instant application, they can be used to
measure both wet and dry coatings.

In many embodiments, the data captured by the THz
scanners of the instant disclosure from the line scans of the
LIB electrodes is processed in real-time to identify defects.
In many embodiments, the THz scanners and algorithms are
capable of recognizing any kind of defects from small pores
or cracks to coating thickness variations. In many embodi-
ments, the field-of-view of the THz scanner is adjusted to
cover the entire width of the electrode (for example, 21.5
cm). In some embodiments, the THz scanner of the instant
application offers more than a 50 dB SNR over the 0.1-3.5
THz frequency range for a line scan measurement time of 5
milliseconds, while using a 1D array of terahertz sources and
detectors with a 1 mmx1 mm area each. Accordingly, in
many embodiments, the THz scanner can capture images of
the rolling battery electrodes with an image pixel pitch less
than 1 mmx1 mm, even at the fast roll-to-roll manufacturing
speed of 10 meters/min, which produces less than a 1 mm
displacement of a substrate during 5 milliseconds. In some
embodiments, the THz scanner is a bench-top scanner unit
comprising a single pair of a 1 mmx1 mm THz source and
a 1 mmx1 mm THz detector.

In some embodiments, the THz scanner is a THz-TDS
scanner enhanced with a confocal microscopy scheme and
an integrated IR camera, as schematically depicted in FIG.
9. In many such embodiments, the THz scanner is adjusted
to focus the reflected terahertz radiation from different spots
of the samples to the terahertz detector. In many such
embodiments, the samples may be placed on a motorized
stage, wherein the terahertz images are acquired through
raster scanning. In some embodiments, wherein a confocal
microscopy scheme is adopted as shown in FIG. 9, a high
image contrast is achieved and the system’s resolution is
pushed to the diffraction limit by placing two pinholes: one
after the source (to clean the terahertz beam from aberra-
tions) and the other before the detector (to get rid of the
unwanted scattered beam components). In many embodi-
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ments, an IR camera is also integrated with the THz scanner
setup to simultaneously take high resolution IR images of
the studied samples. As such, the resolved terahertz images
of embodiments may be mapped to the high-resolution IR
images, allowing to label which pixels on the terahertz
images correspond to defective parts to increase the accu-
racy of the data analysis and machine learning algorithms as
needed.

In many embodiments, the THz scanners are used with
advanced data analysis algorithms. With conventional
approaches, terahertz imaging systems cannot offer high
resolution due to the diffraction limit of the terahertz radia-
tion, wherein 1 THz corresponds to 300 um wavelength.
Accordingly, in some instances, the terahertz wavelengths
could greatly exceed the size of defects in a battery elec-
trode. In other words, although it is possible to achieve high
depth resolutions with well-established deconvolution tech-
niques, lateral resolution of conventional terahertz imaging
systems cannot be pushed beyond the diffraction limit.
However, the image processing and machine learning algo-
rithms of many embodiments allow identification of many
such small defects, including defects with feature sizes
much smaller than the diffraction limit. More specifically, in
many embodiments, the advanced data analysis algorithms
consider a defective electrode region to behave as a collec-
tion of independent scatterers, wherein the amount of the
scattered radiation is proportional to the scatterer cross-
section (i.e., defect size). In such embodiments, even a very
small and shallow defect causes at least a small change in the
scattered/reflected terahertz signal. As such, the advanced
data analysis algorithms of the instant application, which
comprise image processing and machine learning modali-
ties, enable identification of extremely small (especially as
compared to the terahertz wavelengths) differences between
defect-free and defective regions of the electrodes under
inspection for NDE applications. In many embodiments, the
THz scanners used with the algorithms and methods of the
instant disclosure (i.e., the overall THz system and methods
framework), which improve the sensitivity of the THz
scanners, can identify defects with a feature size of only a
few micrometers (<10 micrometers).

The advanced data analysis algorithms of the instant
application comprise at least two efficient frameworks that
may be used in the detection of sub-wavelength substrate
defects in various quality control applications according to
many embodiments. In many such embodiments, the first of
the at least two frameworks is based on an unsupervised
machine learning modality as outlined in FIG. 10. According
to the first, unsupervised, framework, various features are
first extracted from the time- and corresponding frequency-
domain signals captured by the THz scanner of the instant
application. Next, in many embodiments, after applying
high-pass and median filters, the extracted images are flat-
tened, standardized, and used as an input for an autoencoder.
In many embodiments, the design of the autoencoder can be
modified according to the specific application type and data
size. In many embodiments, the encoding part of the auto-
encoder is trained to reduce the multi-dimensional feature
map to only two dimensions (Ng, A. (2011). Sparse auto-
encoder. CS2944 Lecture notes, 72(2011), 1-19, the disclo-
sure of which is incorporated herein by reference), followed
by choosing a threshold according to the standard deviation
of the outputs. For example, image (b) in FIG. 10 shows a
raw terahertz image obtained by using the captured peak
time-domain signal at each sample point, according to many
embodiments. Here, although it was verified that the sample
contains a ~20 pm-diameter hole created with a pinhole, the
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raw terahertz image (b) does not show this defect, but only
shows a gradual variation in the reflected terahertz signal
due to the use of a slightly warped sample. However,
processing the signal with the advanced data algorithm using
the autoencoder of embodiments yields an image, such as
shown in image (c) of FIG. 10, which clearly identifies the
defect in question.

In many embodiments, the second of the at least two
advanced data analysis algorithm frameworks utilizes super-
vised machine learning, as also outlined in FIG. 10. In many
such embodiments, each pixel on an image obtained from
the THz scanner of the application corresponds to a time-
domain signal and a corresponding frequency-domain sig-
nal. Accordingly, in many embodiments, a spectrogram for
each pixel is created for time-frequency analysis, as shown
in images (b) and (d) of FIG. 10, provided here as an
example. In many such embodiments, in turn, the spectro-
gram obtained for each pixel is used to feed a machine
learning data analysis model, such as, for example, a con-
volutional neural network that consists of several convolu-
tion and pooling layers as well as a densely connected neural
network, as depicted in scheme (e) of FIG. 10 (LeCun, Y.,
& Bengio, Y. (1995). Convolutional networks for images,
speech, and time series. The handbook of brain theory and
neural networks, 3361(10), 1995, the disclosure of which is
incorporated herein by reference). In many such embodi-
ments, next, a part of the measurement results is used for
training the machine learning data analysis model, while the
other part is used for validation of the algorithm. In some
embodiments, in this supervised machine learning frame-
work, the pixels corresponding to the defective parts of the
sample may be also labeled through using an IR camera
system integrated with the THz scanner of embodiments as
illustrated, for example, in FIG. 9. In many embodiments,
the supervised machine learning framework described
herein offers a nearly 99% accuracy in detecting sub-
wavelength substrate defects. In many embodiments, both
the supervised and the unsupervised machine learning
frameworks of the advanced data analysis algorithms of the
instant application may be optimized for any desired quality
control application. In many embodiments, the advanced
data analysis algorithms of the instant application are opti-
mized for LIB inspection applications.

Table 1 below provides a comparison summary for sev-
eral QC methods currently used as NDE techniques for
defect detection in LIB and compares such methods to the
THz methods of embodiments. In addition, FIGS. 11A-11D
provide examples of various battery electrode defects ame-
nable to detection by real time, high throughput, yet high
sensitivity THz methods of the instant disclosure. In many
embodiments, the defects suitable for detection analysis by
the THz systems and methods of embodiments include, but
are not limited to, all of the defects selected from the list
comprising: cracks and holes of sizes between 10 um and 1
mm, current collector bends, thickness variations, and any
combination thereof. For example, FIGS. 11A-11D show
examples of defects present in a commercial NCM cathode,
wherein macroscopic crack and hole defects, as well as
microscopic (~10 um in size) bends in the current collector
are visualized by X-ray CT, but could be more efficiently and
safely detected by the THz methods according to many
embodiments. Moreover, the defects in the current collector
are currently not possible to observe with optical or XRF
techniques, yet the THz scanner and methods of embodi-
ments are perfectly fit for resolving these types of hetero-
geneities.
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TABLE 1
Specifications of the proposed terahertz scanner and their comparison with other
NDE techniques used for defect detection in LIB electrodes and coatings.
Pre-
Non- Real-Time Packaging Coating

Health  Contact QC on R2R Defect Defect Thickness Depth Lateral

Hazard Scanning manufacturing Detection Detection Measurement Resolution Resolution
XRF Yes Yes No Yes Yes Yes <l pm <1 pm
IR Thermography No Yes Yes Yes Yes No NA 20 pm
Laser caliper No Yes Yes Yes No Yes 20 pm NA
Ultrasound No No No No Yes Yes 100 um 100 pm
Imaging
Electrical No No No No Yes No NA NA
Testing
THz Imaging No Yes Yes Yes Yes Yes 10 pm 10 pm

In addition, FIGS. 12A-12E illustrate substrate imaging
capabilities of a conventional THz system and methods,
showing that even a THz method without the hardware and
software enhancements of embodiments is still a powerful
tool for electrode imaging. More specifically, FIG. 12A
shows an exemplary 3D terahertz image obtained from an
anode electrode comprising a composite graphite with
binder and additive conducting material coated onto a Cu
foil (10 um thick) with a thickness range of 50-200 um
(which is an industrially relevant range) through a conven-
tional THz-TDS setup in reflection mode. To obtain this
image, a prior art deconvolution technique, Two-step Itera-
tive Shrinkage/Thresholding (TwIST) Algorithm, which
offers ~10 um depth resolution, was applied to the time-
domain terahertz signal acquired at each sample point (Ut-
kin, V. 1., & Poznyak, A. S. (2013). Adaptive sliding mode
control with application to super-twist algorithm: Equivalent
control method. Automatica, 49(1), 39-47; Bioucas-Dias, J.
M., & Figueiredo, M. A. (2007, September). Two-step
algorithms for linear inverse problems with non-quadratic
regularization. In 2007 IEEE International Conference on
Image Processing (Vol. 1, pp. 1-105). IEEE; and Chen, Y., et
al.,, (2011). Total variation deconvolution for terahertz
pulsed imaging. Inverse Problems in Science and Engineer-
ing, 19(2), 223-232, the disclosures of which is incorporated
herein by reference). The captured 3D image was further
processed to observe cross-sectional images of the electrode
sample provided in FIGS. 12B and 12C. The image of each
layer can also be obtained by windowing the deconvolved
time-domain signal, such as the imaged provided in FIGS.
12D and 12E.

In many embodiments, the effective, high-throughput
detection of defective parts in LIBs throughout the whole
manufacturing process, including practical roll-to-roll
manufacturing processes, by the THz systems and methods
of the instant application significantly reduces the scrap rate
of LIB manufacturing, and, therefore, improves LIBs’ costs
and environmental impact, as well as safety of LIBs. In
addition, in many embodiments, the THz systems and meth-
ods of the instant application create a feedback loop for
investigating the correlation of defect characteristics with
cell performance and capacity. In many such embodiments,
pass/fail criteria for electrodes may be developed, wherein
such criteria are defined via a function of type, size, and
density of the defects.

DOCTRINE OF EQUIVALENTS

This description of the invention has been presented for
the purposes of illustration and description. It is not intended
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to be exhaustive or to limit the invention to the precise form
described, and many modifications and variations are pos-
sible in light of the teaching above. The embodiments were
chosen and described in order to best explain the principles
of the invention and its practical applications. This descrip-
tion will enable others skilled in the art to best utilize and
practice the invention in various embodiments and with
various modifications as are suited to a particular use. The
scope of the invention is defined by the following claims.

The invention claimed is:

1. A method for identifying chemical and structural
irregularities in a substrate, comprising:

providing a sample comprising a plurality of points and

having chemical or structural variations;

providing a terahertz scanner comprising:

at least one terahertz source generating a terahertz
beam along a terahertz beam path, and

at least one terahertz detector, wherein

the terahertz scanner produces a characteristic signal
when the terahertz beam is detected by the at least
one terahertz detector after interacting with a point of
the plurality of points of the sample; and

the terahertz scanner produces a reference signal when
the terahertz beam is not intercepted by the sample;

obtaining a characteristic signal and a reference signals

for at least one point of the plurality of points of the

sample;

extracting one or more characteristic features from a

characteristic data set afforded by the characteristic
signal, and extracting one or more corresponding ref-
erence features from a reference data set afforded by the
reference signal; wherein at least one of the character-
istic features and the corresponding reference features
are selected from a list consisting of: peak intensity,
average intensity, delay, pulse width, spectral power,
phase of the characteristic signals, and any combination
thereof;

analyzing the characteristic features and the correspond-

ing reference features using a machine learning data
analysis model to find chemical and or structural infor-
mation about the sample; and

recognizing irregularities in or differences between the

characteristic features and the corresponding reference
features to identify the chemical or structural variations
in the sample.

2. The method of claim 1, wherein the machine learning
data analysis model is selected from a list consisting of:
supervised model, unsupervised model, and any combina-
tion thereof.
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3. The method of claim 1, wherein the machine learning
data analysis model is trained to recognize the chemical or
structural variations in the sample.

4. The method of claim 1, wherein the terahertz scanner
is a terahertz time-domain spectroscopy scanner.

5. The method of claim 4 wherein the terahertz scanner
further comprises:

a femtosecond laser generating an optical beam, and

a plurality of optical lenses for focusing the optical beam

along an optical beam path.

6. The method of claim 5, wherein the femtosecond laser
is selected from a list of: a single femtosecond laser com-
bined with a delay stage, and a dual femtosecond laser.

7. The method of claim 5, wherein the femtosecond laser
generates the optical beam at a wavelength selected from:
~800 nm, 1550 nm.

8. The method of claim 5, wherein the plurality of optical
lenses adjusts a spot size of the optical beam to cover a
active area of the terahertz source and the terahertz detector.

9. The method of claim 4, wherein the terahertz scanner
further comprises a plurality of terahertz lenses and or
off-axis parabolic mirrors for focusing and or collimating the
terahertz beam along the terahertz beam path.

10. The method of claim 9, wherein the plurality of
terahertz lenses is made from a material selected from a list
of: polyethylene, TPX, ceramic, Teflon, and any combina-
tion thereof.

11. The method of claim 4, wherein the characteristic
signal and the reference signal are in time domain.

12. The method of claim 11, wherein the characteristic
signal and the reference signal in time domain are used to
find their corresponding signals in frequency-domain; and
extracting the characteristic features and the corresponding
reference features in both a time domain and a frequency
domain.

13. The method of claim 1, wherein the chemical or
structural variations are selected from a list consisting of:
chemical contamination, material defects, other irregulari-
ties in a material, and any combination thereof.
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14. The method of claim 13, wherein the chemical con-
tamination comprises a toxin.

15. The method of claim 14, wherein the toxin is selected
from a group consisting of: mycotoxins, aflatoxins, or a
combination thereof.

16. The method of claim 13, wherein the material defects
are further selected from a list consisting of: thickness
variations, voids, cracks, non-uniformities, and any combi-
nation thereof.

17. The method of claim 1, wherein the sample comprises
a battery electrode and the chemical or structural variations
are material defects.

18. The method of claim 1, wherein the sample comprises
a composite material and the chemical or structural varia-
tions are material defects.

19. The method of claim 1, wherein the at least one
terahertz detector is selected from a list consisting of: a
single-pixel terahertz detector, a focal plane 1D or 2D array
comprising a plurality of terahertz detectors.

20. The method of claim 1, wherein the at least one
terahertz detector is capable of taking three-dimensional
terahertz snapshots of an area as large as ~10 cm® within less
than a 100 ms.

21. The method of claim 1, wherein the at least one
terahertz source and the at least one terahertz detector
comprise plasmonic electrodes.

22. The method of claim 21, wherein the at least one
terahertz source and the at least one terahertz detector are
fabricated on a semiconductor substrate and optimized for
operation at 800 nm or 1550 nm wavelengths.

23. The method of claim 21, wherein the at least one
terahertz source and the at least one terahertz detector are
fabricated on a GaAs, InGaAs and InAs substrate.

24. The method of claim 1, wherein the sample is placed
on a sample holder selected from a list of: a moving
conveyor belt, a single or multi-well plate or multiple plates
mounted on a motorized translational stage, and any com-
bination thereof.



